We have combined a novel low temperature positioning mechanism with a single-chip miniature superconducting quantum interference device ͑SQUID͒ magnetometer to form an extremely sensitive new magnetic microscope, with a demonstrated spatial resolution of ϳ10 m. The design and operation of this scanning SQUID microscope will be described. The absolute calibration of this instrument with an ideal point source, a single vortex trapped in a superconducting film, will be presented, and a representative application will be discussed. © 1995 American Institute of Physics.
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We report here on a new design for a scanning SQUID microscope [1] [2] [3] [4] [5] [6] that combines an extremely simple mechanical arrangement with a single-chip miniature SQUID magnetometer. This design has several advantages over previous work: First, the mechanical scanning mechanism is extremely simple, while still allowing relatively large scan areas with good linearity and repeatability, and introducing little noise beyond the limits set by the sensor. Second, the design of the sensor provides relatively small coupling between the SQUID and the system to be measured, good shielding of the parts of the SQUID away from the pick-up loop, and good spatial resolution. Finally, the cantilever design allows constant height scans without a height feedback mechanism, with relatively small force between the sensor and the sample. An overall schematic of the microscope is shown in Fig. 1 . The sample is mounted at the end of a long, thin walled stainless tube. The tube passes through a slip-fit stainless washer about 10 cm from the sample, through a bellows and vacuum tight seal, where it is attached to an optical three-axis translation stage. The longitudinal position of the translation stage is adjusted with a differential micrometer. The transverse axes are scanned with dc motors. Longitudinal motion of the translation stage is transmitted directly to the sample mount. Transverse motion of the translation stage is reduced by a factor of 7 to the sample mount, providing finer scale scanning, and minimizing the effects of external vibrations. The microscope is immersed in liquid helium in a mu-metal shielded Dewar which is suspended from the ceiling of a screened room with elastic cords. We find no noise components from external vibrations. The total scan range, limited at present by the inside diameter of the vacuum bellows to about 400 m, could be significantly increased. We take data in one scan direction and start the scan about 30 m before data acquisition to minimize the effects of hysteresis. In addition to mechanical scanning, there is also a piezo tube scanner 7 cm long and 0.3 cm in diameter, which gives scan areas about 20 m on a side at low temperatures. This tube scanner also allows mechanical modulation schemes to minimize the effects of low frequency noise. 7 All of the data presented in this letter was obtained using the mechanical scanning mechanism.
An expanded view of the sample region of the microscope is shown in Fig. 2͑a͒ . Vu et al. mounted their SQUID sensor on a hinge, and ran in direct contact with the sample to compensate for height variations while scanning. 8 We extended this idea slightly, mounting our sensor on a cantilever fabricated from a 10 m thick brass shim ͓Fig. 2͑b͔͒. This also allows compensation for height variations, but with about an order of magnitude smaller force ͑ϳ10
Ϫ5 N͒ between the substrate and sample than would result from a hinge arrangement with our sensor geometry. Optical microscopic inspection shows little evidence of sample wear after scanning, but there is evidence of substrate wear: the substrate corner wears by a few microns after a few hundred images are taken. We have tested two different types of magnetometer. The first type is a washer SQUID with a ten turn input coil, and a -scale pick-up loop and ''low'' inductance lead structure on a second substrate. Superconducting wire bonded leads are used to join the two components. The parasitic pick-up area is not a problem if the magnetic fields far from the pick-up loop are small or slowly varying. This design, while comparatively complex, has the advantage of allowing the pick-up loop structure to be fabricated with a different process than that of the SQUID. For example, in our experiments, the SQUID was fabricated using a planarized all refractory technology for superconductors ͑PARTS͒ 9 process with optical lithography, while pick-up loop structures with features down to 0.25 m were fabricated using e-beam lithography.
In the single-chip miniature magnetometer used for most of our measurements the pick-up loop and lead structure form an integral part of the SQUID's self-inductance ͑ϳ100 pH͒. For the same SQUID technology and pick-up loop dimensions this direct coupled single-ship design is five to ten times more sensitive than the discrete design where the pick-up loop is inductively coupled to the SQUID and the wire bonds introduce considerable parasitic inductance. The stripline pickup area has not significantly affected the response of the magnetometer in the present microscope geometry. In future designs the stripline can be replaced with a totally enclosed ''coax'' structure with zero pick-up area. The pickup from the coplanar leads is more problematic, but in new designs can be greatly reduced by extending the stripline structure much closer to the pick-up loop. At the other end of the stripline are the SQUID's junction and modulation structures. The 1 m NbAlO x -Nb junctions and associated resistive shunts are as described elsewhere. 10 Flux modulation and bias are accomplished by passing current I C through a single turn coil around a 10 m hole size square washer configured in series with the stripline and pick-up loop. This avoids direct coupling of the modulation flux to the measurement volume, which is of concern in designs where the pickup loop constitutes the entire SQUID inductance. The feed of the bias current I B in the present design is asymmetric, a feature that can lead to small shifts in the voltage-flux response along the flux axis as the pick-up loop inductance is modulated via proximity to superconducting objects. This effect, while thus far small, can be eliminated by using a resistive split feed arrangement. Operating in a flux locked loop at 100 kHz modulation frequency, the noise of the device is typically Ͻ2 ⌽ 0 /Hz 1/2 , corresponding to a field noise at the pick-up loop of ϳ4ϫ10 Ϫ7 G/Hz 1/2 . The silicon substrate upon which the pick-up loop is fabricated is polished to a corner typically one loop diameter from the center of the pick-up loop. For most applications the substrate is oriented nearly parallel to the sample plane, with the loop face down, and the corner in contact with the sample, so that the loop samples primarily the normal component of the field. The vertical spacing between the loop and the sample, given by the substrate corner-to-loop distance times the sine of the sample plane-SQUID plane angle, is typically much less than the loop diameter so that resolution and sensitivity are nearly optimized.
As an example of an application, Fig. 3 shows the normal component of the magnetic field above a high-T c thinfilm YBa 2 Cu 3 O 7Ϫ␦ step-edge-junction washer SQUID, 11 imaged using the single-chip SQUID magnetometer. The sample was cycled to 2.4 G at 77 K before cooling to 4.2 K for imaging. The physical outlines of the device are visible from the fields due to circulating supercurrents screening out the residual background field present. A number of superconducting vortices are trapped in the washer. A scratch runs through the SQUID from left to right a quarter of the way down the image. This scratch is decorated by trapped vortices when subjected to magnetic fields of order 1 G. These trapped vortices are the source of the very large hysteresis in SQUID output versus applied magnetic field 12 seen in this particular device. As the peak field is increased more flux quanta are trapped along the scratch. Eventually flux is also trapped at the inside corners of the square hole in the SQUID. This image illustrates that flux traps first at thin film defects, and then at locations where the magnetic field strengths are largest-at inside corners. Figure 4 shows an expanded view of one of the flux vortices trapped in the bulk of the SQUID washer of Fig. 3 . Superposed on the magnetic image is a scaled and properly oriented schematic of the sensor SQUID pick-up loop and leads. This superposition shows that the shape of the vortex image is determined by the shape of the pick-up loop, the asymmetry being a direct consequence of the pick-up area of the coplanar leads. The field from an isolated superconducting vortex is given by:
for distances r much greater than the penetration depth. The sensitivity of this instrument can be estimated by considering a circular loop of radius r 0 parallel to a superconducting surface and centered a height h above a flux vortex trapped in the superconductor. The total flux through this loop is
ͪ .
͑2͒
At the easily attained height hϭr 0 , the amount of flux coupling into the pick-up loop is about 0.3⌽ 0 . Typically our images are taken at about 5 pixels/s, which means that with a SQUID noise of 2ϫ10 Ϫ6 ⌽ 0 /Hz 1/2 an individual vortex can be imaged with an electronic signal to noise of about 7ϫ10 4 . Actual signal to noise, although limited by scanning irregularities apparently arising from substrate-sample interactions, is nevertheless remarkably good, as can be seen from the cross sections in Fig. 4 . The solid lines in Fig. 4 are fits to the data numerically integrating Eq. ͑1͒, using the known pickup loop and lead geometry, known angle of the SQUID plane relative to the sample plane ͑ϳ20°͒, and using the distance between the substrate corner and the pick-up loop center as a fitting parameter. The best fit was obtained for a distance of 8 m, in reasonable agreement with microscopic inspection of the substrate after polishing. The fits show that we understand well the absolute magnitude and general shape of the observed vortex images. The resolution of the instrument can be defined using a Rayleigh-like criterion:
13 two flux quanta are resolved if the amplitude between two overlaping images falls to 81% of the maximum. For our 10 m diameter intergrated pick-up loop in the geometry we used, applying this criterion would imply a resolution of 11.2 m. However, individual features smaller than this can be seen in our images: square holes in niobium 5 m on a side are clearly imaged with our 10 m diameter pickup loop.
In conclusion, we have combined a novel low temperature positioning apparatus with a single-chip miniature SQUID magnetometer to make a sensitive and reliable magnetic field imaging instrument. We have demonstrated that the sensitivity of this instrument allows imaging of single superconducting flux vortices with excellent signal-to-noise ratios, and shown one of a large number of potential applications of this instrument. The high sensitivity and resolution of this instrument has allowed measurements that would be extremely difficult using any other technique, such as the first direct observation of 1/2 integer flux quanta in high-T c superconducting rings. 
